Despite the biological and medical importance of signal transduction via Ras proteins and despite considerable kinetic and structural studies of wild-type and mutant Ras proteins, the mechanism of Ras-catalyzed GTP hydrolysis remains controversial. We take a different approach to this problem: the uncatalyzed hydrolysis of GTP is analyzed, and the understanding derived is applied to the Ras-catalyzed reaction. Evaluation of previous mechanistic proposals from this chemical perspective suggests that proton abstraction from the attacking water by a general base and stabilization of charge development on the y-phosphoryl oxygen atoms would not be catalytic. Rather, this analysis focuses attention on the GDP leaving group, including the P-y bridge oxygen of GTP, the atom that undergoes the largest change in charge in going from the ground state to the transition state. This leads to a new catalytic proposal in which a hydrogen bond from the backbone amide of Gly-13 to this bridge oxygen is strengthened in the transition state relative to the ground state, within an active site that provides a template complementary to the transition state. Strengthened transition state interactions of the active site lysine, Lys-16, with the P-nmbridging phosphoryl oxygens and a network of interactions that positions the nucleophilic water molecule and y-phosphoryl group with respect to one another may also contribute to catalysis. It is speculated that a significant fraction of the GAP-activated GTPase activity of Ras arises from an additional interaction of the P-y bridge oxygen with an Arg side chain that is provided in trans by GAP. The conclusions for Ras and related G proteins are expected to apply more widely to other enzymes that catalyze phosphoryl (-PO;-) transfer, including kinases and phosphatases.
A dissociative transition state is dominated by bond cleavage; in the extreme case, the bond to the outgoing leaving group is fully or nearly broken (Scheme I top, large 8-) , and the bond to the incoming nucleophile is absent or barely formed (small S+). To maintain conservation of charge, there must then be a loss of charge on the phosphoryl group (Le., the -PO3 group) being transferred. In contrast, in an associative transition state there is a large amount of bond formation to the incoming nucleophile (Scheme I bottom, large S+) but only a small amount of bond cleavage to the outgoing leaving group (small 8-); thus, there is a gain in charge on the phosphoryl group being transferred. A wealth of physical organic data obtained over the past 40 years has implicated a dissociative, metaphosphate-like transition state in reactions of phosphate monoesters, acyl phosphates, and phosphorylated amines (5-10, ?).
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?A transition state can be dissociative or metaphosphate-like in nature and yet occur in a second-order reaction that has some amount of association with an incoming nucleophile in the transition state. Thus, the absence of racemization of stereochemistry of phosphoryl groups in nonenzymatic and enzymatic reactions, although providing evi-Recent linear free energy relationships have shown that transfer of the y-phosphoryl group of GTP proceeds via a dissociative, metaphosphate-like transition state, analogous to the previously characterized transition states for reactions of other monosubstituted phosphoryl compounds (4) . It has been suggested that metal ion coordination of the y-phosphoryl oxygens in GTP-Mg could increase the susceptibility of the phosphorus to nucleophilic attack and therefore increase the associative character of the transition state (15) (16) (17) (18) (19) (20) (21) . However, comparisons of linear free energy relationships for reactions of GTP and GTP-Mg strongly suggest that Mg2+ does not increase the associative eharacter of the transition state (ref. 4 ; see also refs. 22 and 23). Furthermore, large changes in reactivity induce only small changes in the nature of the transition state for phosphoryl transfer, suggesting that these transition states are difficult to change (23) (24) (25) .
Nevertheless, could the greater preponderance of positively charged side chains and metal ions in an enzymatic active site change the nature of the transition state from dissociative to associative? This proposal was recently tested with Escherichia coli alkaline phosphatase, which utilizes two active site zinc ions and an Arg side chain. The large dependence of rate on leaving group pK, suggested a large amount of bond cleavage in a dissociative transition state (26). Heavy atom isotope effects similarly suggest a dissociative transition state for reactions of two protein phosphatases (27) .
In summary, the simplest expectation is that the transition state for GTP hydrolysis at the active site of Ras is dissociative in character. Although not proven, this chemical perspective provides a logical starting point for a discussion of enzymatic catalysis. Any proposal of a predominantly associative transition state for phosphoryl transfer requires a concomitant proposal that some distinct feature of the enzyme changes the transition state.
Previous Mechanistic Proposals for the Ras GTPase Reaction
The change in charge distribution that occurs in proceeding from the ground state to the transition state for GTP hydrolysis is shown in Fig. 1 . These changes are used in this section to analyze proposed mechanisms of catalysis by Ras and other G proteins. The purpose is not to survey all previously proposed mechanisms but rather to discuss the most common of these from a chemical perspective.
General Base Catalysis? It has been stated recently that: "The major unresolved problem [of Ras catalysis] is the nature of the general base activating the catalytic water molecule which acts as the nucleophile in the hydrolysis reaction" (28). However, in a dissociative transition state, there is little bond formation to the incoming water nucleophile and therefore little charge development (Scheme I and Fig. 1 ). This means that there would be little advantage from removal of a proton from the attacking water in the transition state. Thus, general base catalysis is not expected to be an important catalytic component (see refs. 23, 29, and 30).
The question of general base catalysis can be addressed quantitatively for the specific proposal that Gln-61 fills this role (31, 32) . The hypothetical equilibrium of Reaction 1 depicts proton transfer between the attacking water in the GTPase transition state and the Gln side chain. If the P-0 bond to the incoming water is -0.1 formed in the dissociative ~ dence against the formation of a discrete free metaphosphate intermediate, says nothing about the nature of the transition state (7, [11] [12] [13] [14] . The nature of the transition state is described as "dissociative" for reactions in whieh there is a decrease in combined bond order to the incoming and departing groups relative to the reactant and "associative" for reactions in which there is an increase in combined bond order. transition state (4), the pK,* for loss of a proton from the nucleophilic water is expected to be -14 in the transition Reaction 1 state. § The pK,* of 14 is much higher than the pK, = -2 for deprotonation of the acid form of the Gln side chain carbonyl [Le., Gln(C=OH+)NH2] (33).
This means that the hypothetical equilibrium of Reaction 1 lies very far to the left (f&irnated -so that no significant proton transfer from the attacking water to Gln-61 is expected in a dissociative transition state (see also ref. 34 ).
Replacement of Gln-61 by Glu increases the rate of GTP hydrolysis by 20-fold, and this result has been considered evidence that Gln-61 acts as a general base (35) . However, Glu would not be expected to abstract a proton in the transition state for the same reasons outlined above for Gln. Perhaps the migration of negative charge away from the attacking water and transferred phosphoryl group in going from the ground state to the transition state (Fig. 1, red coloration) is stabilized by positioning the negatively charged Glu near to the attacking water (4). The rate enhancement from the Glu substitution could also result from better positioning of the attacking water molecule with respect to the y-phosphoryl group or from an increase in the strength of the hydrogen bond to the attacking water molecule in the transition state (see below). §This pK, was estimated as follows. The value of -0.1 bond formation is derived from a linear free energy relationship with a slope of Pnucleophilc % 0.1 (4). Pnucleophile = 0 would correspond to a transition state in which the attacking water is electrostatically equivalent to free water (H2O) and thus has a pK, of 16; Pnucleophile = 1 would correspond to a transition state in which the attacking water is electrostatically equivalent to hydronium ion (H20-H+), and thus has a pK, of -2. The observed Pnuclcophile of 0.1 corresponds to electrostatic behavior 0.1 of the way from H20 to H20-Hf and thus
gives an estimated pK,S = 14
More recent mechanistic proposals have invoked the y-phosphoryl group of GTP as a general base catalyst in the Ras and related GTPase reactions (refs. 20 and 35-38; see also ref. 39 ). However, protonation of the y-phosphoryl group is expected to destabilize a dissociative transition state, not stabilize it. This is because protonation stabilizes electron density on the phosphoryl oxygen, whereas electron density is expected to be donatedfrom the phosphoryl oxygen atoms to achieve the dissociative transition state (Scheme I and Fig. 1 , red shading). The -103-fold slower nonenzymatic reactions of phosphate diesters than phosphate monoesters provide experimental evidence for such an "anticatalytic" effect, with the alkyl group of the diester providing a model for protonation (40) . The destabilization of the transition state from protonation of a y-phosphoryl oxygen atom described above would hold whether the proton transfer to the y-phosphoryl group were direct or involved an intermediary (20, (35) (36) (37) (38) (39) 7) .
Nonenzymatic reactions of phosphate monoester monoanions provide strong evidence that protonation of the transferred phosphoryl group in the transition state is not the preferred path for a dissociative reaction. In these reactions, the proton is completely or nearly completely transferred to the leaving group in the transition state (Reaction 2) (6, (43) (44) (45) . This indicates that the hypothetical transition state depicted on the left in Reaction 3, with the proton on the leaving group, is lower in energy than that on the right, with the proton on the phosphoryl group. Reaction 2 is simply the reverse of the GTPase reaction, with ROH being water (R = H) and X-POB being GTP (X = GDP; the forward and reverse reactions must proceed through the same transition state, according to the principle of microscopic reversibility). The mechanism in which a y-phosphoryl oxygen acts as a general base and is protonated leads to a transition state resembling the higher energy species on the right in Reaction 3, whereas the proton resides on the nucleophile or leaving group in the classical mechanism. These observations do not prove that the y-phosphoryl group does not act as a general base in enzymatic reactions, although this proposal is the antithesis of the mechanism followed in the dissociative nonenzymatic reaction.
Possible Roles for a General Base. A "general base" or hydrogen bond acceptor could aid the overall process of GTP hydrolysis, even if the Ras-catalyzed GTPase reaction pronThe proposal that the minor tautorncr of Gln [Le., -C(OH)=NH] is formed by picking up a proton on the carbonyl oxygen from the attacking water and donating a proton to a y-phosphoryl oxygen (37) has an additional problem. Formation of this tautomer is highly unfavorable (AGtklut = 10 kcal/mol; 41,42) so that thc proton transfer or active site would need to provide an enormous amount of compensating transition state stabilization.
ceeds via a dissociative transition state with no significant proton transfer.
( i ) The final reaction product is not HlO+-POT. There must therefore be a pathway for loss of a proton from water, even if this loss occurs after the rate-limiting transition state and is therefore not involved in stabilizing this transition state, as suggested above (23, 29) .
(ii) Even in a dissociative transition state, there is typically some nucleophilic participation.? Thus, hydrogen bonds from the water protons to Gln-61 and Thr-35 can be strengthened in the transition state. However, the increase in strength is expected to be small for the Ras reaction due to the small amount of nucleophilic participation in GTP hydrolysis and the correspondingly small increase in charge density on the water protons in the transition state ( Fig. 1) (4) .
(iii) A water molecule that appears correctly positioned for nucleophilic attack is observed in the x-ray crystal structure of Ras and related G proteins with bound GTP and GTP analogs (21, 32, 46, 47) . Significant rate advantages from positioning of the attacking group have been observed in model phosphoryl transfer reactions that proceed via dissociative transition states (29) . The -10-fold decrease in the turnover rate upon mutation of Gln-61, which appears to interact with the nucleophilic water ( Fig. 2 ) (48-SO), is most simply accounted for by a disruption in positioning of the nucleophilic water with respect to the y-phosphoryl group (32) .
Stabilization of Charge Buildup on the y-Phosphoryl Oxygen Atoms? It has been proposed that Arg-178 of the Gi, subunit of a trimeric G protein assists catalysis "by stabilizing the developing negative charge on the y phosphate" (51 (Fig. 2) . Indeed, analogous proposals have been put forth for many kinases, phosphatases, and related enzymes (discussed in ref. 4 ). However, negative charge does not accumulate on the y-phosphoryl group in a dissociative transition state (Fig. 1) . Thus, these interactions are not predicted to provide electrostatic catalysis unless the enzyme changes the nature of the transition state from dissociative to associative.?ll Although electrostatic interactions with the y-phosphoryl oxygens are not predicted to be strengthened in a dissociative transition state and may even be somewhat weakened (22), such interactions may be present because they are important for binding and positioning the reactive phosphoryl group (4, 53) . These interactions cannot be taken as evidence that the transition state is associative rather than dissociative.
Interactions with the Nonbridging P-Phosphoryl Oxygens? The increase in negative charge on the nonbridging P-phosphoryl oxygens in the transition state allows electrostatic interactions to be catalytic, although the charge change on these oxygens is less than that on the P-y bridge oxygen (Fig.  1) . There is ample precedent from nonenzymatic reactions for IlThe catalytic proposal for Arg-178 of Gi, was derived in part from analysis of the Gia.GDP.AIF4 complex (51) . This complex has been considered a transition state analog because AIF; is planar, analogous to the transferred phosphoryl group (PO3) in a trigonal bipyramidai transition state. However, AIF; has four fluoride substituents around the central atom instead of the three oxygen atoms of the transition state. Nevertheless, AIF; binds strongly (54) , and the crystal structure shows interactions with all four of the fluorides in a site presumably designed to bind the three phosphoryl oxygens. This suggests that the structure with AIF; is rearranged relative to the actual transition state. The Arg that interacts with two fluorides in this complex could interact with one nonbridging phosphoryl oxygen and the P-y bridging oxygen in the transition state, as has also been proposed (37) and is consistent with expectations from chemical precedent (see text).
FIG. 2. X-ray crystal structure of the Ras active site with bound GMPPNP, a GTP analog ( A ) , and with bound GDP (B).
The P-y bridge atom is shown in red, the rest of the G T P analog or GDP is in gray, the positioned water is in red, and the magnesium ion is in cyan. Active site amino acids are depicted with carbons in green, oxygens in red, and nitrogens in blue. The hydrogen atom of the Gly-13 backbone amide is shown in gray, and the distance (in Angstroms) between this hydrogen and the P-y bridge atom is shown.
catalysis of phosphoryj transfer via interactions with the leaving group (see refs. 9, 22, and 55). The bound Mg2+ and Lys-16 have been suggested to play this role (Fig. 2) (32, 46, 52) . Mg2+ is also bound in solution, so that no large catalytic enhancement is expected relative to the solution reaction in the absence of significant perturbations within the active site.
Catalysis via Stabilization of the GDP Leaving Group: A New Proposal
As an enzyme must preferentially stabilize a reaction's transition state relative to the substrate, one might anticipate a catalytic interaction with the atom that undergoes the largest change in charge upon reaching the transition state. For the GTPase reaction in sdution, that atom is the P-y bridge oxygen, as depicted in Fig. 1 . In the GTP ground state, it is attached to two electron-withdrawing phosphoryl groups (56) and thus has a low electron density. However, in a dissociative transition state, this bond is nearly broken so that the charge will approach -0.67, the formal charge on the P-phosphoryl oxygens of the GDP3-product (4).
Structural data support the possibility of such a catalytic interaction for Ras. The backbone amide of Gly-13 is positioned to donate a hydrogen bond to the P-y bridge oxygen of GTP ( Fig. 2A) (21, 32, 46) . The analogous hydrogen bond is made to a P-phosphoryl oxygen when the GDP product is bound (Fig. 2B) . Thus, it is also likely to be present in the transition state. We propose that the hydrogen bond from Gly-13 is catalytic. It is expected to be stronger in the transition state than the ground state because of the much higher electron density of the bridging oxygen in the transition state than in GTP.** A backbone amide positioned to donate a hydrogen bond to the P-y bridge oxygen is conserved among all of the small and large G proteins whose structures with bound GTP, GTP analog, or GDP have been solved. The N(H)-0 heteroatom distances and N-H-0 angles ran e from 2.7 to 3.5 A and 131 32, 46, 51, 58-62, tt). These hydrogen bond distances and angles are similar to the values observed for hydrogen bonds donated by backbone amides in peptides and proteins of 2.9-3.1 A and 150-160" (63). Furthermore, the residue whose amide donates the hydrogen is conserved in its position in the primary sequence: GXGXXGK(S/T) (61, 62). This sequence motif is observed in kinases and other enzymes that carry out related phosphoryl transfer reactions, where the analogous backbone amide/bridge oxygen hydrogen bond is also observed (not shown).
Unusually downfield lH NMR chemical shifts also provide evidence for hydrogen bond donation from the Gly-13 amide proton. The amide proton of Gly-13 in the Ras-GDP complex is deshielded, as expected for participation in a hydrogen bond, with a chemical shift of aH = 10.4; a chemical shift of aH = 9.2 was suggested for this amide proton in the Ras*GTP[yS] complex (64-68). Analogous downfield amide proton resonances with bound GDP and GTP have also been suggested for EF-Tu, which is homologous to Ras (69). The GTP analogs GMPPNP and GMPPCP appear to bind Ras significantly weaker than GTP (70). This is consistent with expected energetic effects: a hydrogen bond between Gly-13 and the bridge nitrogen of GMPPNP may be weaker than that to the bridge oxygen of GTP and the bridge methylene would be unable to participate in a hydrogen bond (46) . In addition, GTP binds only -10-fold stronger than GDP, despite several interactions with the y-phosphoryl group (71, 72). A destabilizing interaction of the amide of Gly-13 and the P-y bridge oxygen of GTP, relative to interactions in aqueous solution, could contribute to this difference (73, 74), although other explanations are also possible.
Although the catalytic advantage from increased hydrogen bond strength can in principle be large (e.g., ref. An enzyme such as Ras that requires a low intrinsic reaction rate for its biological function may not maximize the difference in ground versus transition state hydrogen bond strength. This could be accomplished by using a hydrogen bond donor such as a backbone amide that is weak relative to positively charged side chains, by leaving possible stabilizing hydrogen bonding interactions unfulfilled, or by forming an active site with a relatively high effective dielectric (refs. 74, 75, and 77 and S. Shan and D.H., unpublished results). Other enzymes might then maximize the rate enhancement by more precise positioning of the backbone amide hydrogen bond and/or by positioning a second, stronger hydrogen bond donor for interaction with the P-y bridge oxygen (see below) and by altering the electrostatic environment of the active site.
Effect of Gly-13 and Gly-12 Mutations. Mutations that add a side chain at position 13 have little effect on the intrinsic GTPase activity (34) , suggesting that a catalytic interaction with the backbone amide, if present, is not perturbed. Although no structures are available for these mutants, inspection of wild-type structures suggests that a side chain at position 13 would point away from the protein interior and into the solvent. These mutations do, however, perturb GAP activation, consistent with a nearby interaction with GAP (refs. 34 and 79; also see below).
A majority of the oncogenic mutations in Ras are located at position 12. These mutations have impaired intrinsic GTPase activity, and many are also insensitive to GAP activation (80, 81). In the three cases for which there is both structural and biochemical data, active site perturbations near the y-phosphate and nucleophilic water molecule are observed. In the G12R mutant, the Arg-12 side chain is located in front of the y-phosphate of GTP, displacing the proposed nucleophilic water molecule (48) . When Val is located at position 12, the side chain has an orientation similar to Arg in the G12R structure. As a result, the hydrophobic side chain would be close to the negatively charged y-phosphoryl group. This unfavorable interaction presumably results in movement of the phosphate binding loop and loop L4 away from the y-phosphate. These changes also result in a 0.7-A increase in the Gly-13 P-y bridge oxygen hydrogen bond distance and a loss in the interactions of the y-phosphoryl group and nucleophilic @In order for a hydrogen bond to provide a catalytic advantage, the active site interaction must increase in strength in going from the ground to transition state more than the interaction with water in the corresponding solution reaction. Mechanisms that enzymes can employ to provide such an advantage have been extensively discussed (e.g., refs. 73-75 and 78).
water with Gly-60 and Gln-61 of loop L4 (48) . In the G12D structure, the negatively charged side chain Asp hydrogen bonds with Gln-61, preventing it from interacting with the nucleophilic water molecule or the y-phosphoryl group (82).
In contrast, the nononcogenic mutant G12P has a GTPase activity similar to wild-type Ras (82). As expected, its crystal structure is almost identical to the wild type. The heteroatom distance for the hydrogen bond between the Gly-13 amide and the P-y bridge atom is 3.2 A, with an angle of 142", compared with 3.1 8, and 148" for wild type (GMPPNP structures; refs.
and 82).
These observations are all consistent with a catalytic role of the backbone amide of Gly-13, but they do not provide a significant test of the proposal.
Related Proposal for Activation of the Ras GTPase by GAPs. GTPase Activating Proteins, or GAPs, stimulate the GTPase activity of Ras and related small G proteins, playing an important role in turning off signaling by RasaGTP (83). Combining the catalytic insights described above with previous observations and proposals (84-87) leads to the following specific hypothesis about the origin of this activation: in addition to the hydrogen bond donated from Gly-13 of Ras to the P-y bridge oxygen atom of GTP, an Arg residue of GAP also donates a hydrogen bond to this bridge oxygen, thereby further stabilizing the transition state.
One of several literature suggestions for the action of GAP is that it donates one or more catalytic residues (32, (84) (85) (86) (87) . Precedent for this comes from an intermolecular contact to the y-phosphoryl group of a GTP analog in one crystal form of Ras (32) . One candidate catalytic residue is an Arg, as trimeric G proteins have a conserved Arg that makes contacts within the active site but is absent in Ras (61, 88) . The G, subunits hydrolyze GTP -100-fold faster than Ras, and mutation of this Arg residue of G, lowers the GTPase activity to a level similar to that of Ras (84,87,89). Relating these observations to GAP, Arg-903 of GAP contributes to the ability of GAP to activate Ras, but it is not necessary for binding of GAP to Ras. This is consistent with a catalytic role for 86) .
Following the analysis of the nature of the GTPase transition state described above; the P-y bridge oxygen is likely to be involved in a catalytic interaction. Indeed, an interaction of the P-y bridge oxygen and the conserved Arg of transducin is observed in the crystal structure (Arg-174; N(H)-0 bond distance is 2.95 A, and the bond angle is 131" with bound GTP[yS]) (61). Finally, the structure of Raswith a bound GTP analog reveals that this bridging oxygen is exposed at the base of a crevice (Fig. 3) . We therefore propose that an Arg residue donated from GAP is positioned in the Ras crevice and preferentially stabilizes the transition state by donating a hydrogen bond to the P-y bridge oxygen. The Arg would presumably be anchored in position via an additional interaction with a nonbridging oxygen of the y-phosphoryl group, although this interaction would not be strengthened in a dissociative transition state. Additional catalytic interactions are suggested by the larger effect of GAP on the Ras reaction than the effect of the active site Arg of the trimeric G proteins (lo5-versus 102-fold) (87, 90, 91).
Summary and Perspective
We have evaluated mechanistic proposals for Ras catalysis from a chemical perspective. The analysis suggests that several proposed mechanisms would not be catalytic if the transition state for the enzymatic reaction is dissociative, as observed in solution. This transition state is not easily changed in solution, and several enzymatic reactions appear to proceed via dissociative transition states. Thus, the simplest expectation is that a dissociative transition state will also be followed on Ras and related GTPases. (32) . The p-7 bridge atom, shown in red, is accessible from solvent. The rest of the nucleotide is shown in white; Gly-13 is shown in green, with its amide hydrogen atom highlighted in blue and the rest of the protein in purple; the magnesium ion is shown in cyan, and the catalytic water is in yellow. This view is from the backside of Ras, relative to the view in Fig. 2 .
This analysis has led to a new catalytic proposal, that the backbone amide of Gly-13 donates a hydrogen bond to the P-y bridge oxygen of GTP that is strengthened in the transition state. Other interactions can also contribute to the modest catalysis of Ras. Interactions of the P-nonbridging oxygens with Lys-16 and Mg2+ may be strengthened in the transition state. Indeed, we cannot predict which interaction would undergo a larger increase in strength in the transition state: a hydrogen bond from the neutral Gly-13 donor to the P-y bridge oxygen, which undergaes the largest change in charge, or a hydrogen bond from a stronger, positively charged Lys-16 donor to one or both of the P-phosphoryl oxygens, which undergo a smaller change in charge (4, 78, 92) . Interactions that are not strengthened electrostatically in the transition state may also be catalytic. For example, hydrogen bonds between the nucleophilic water and Gln-61 and Thr-35 may help position the water with respect to the y-phosphoryl group and lower the entropic barrier for reaction. More generally, active sites may be considered as transition state templates that provide electrostatic and geometrical complementarity and allow exploitation of the changes between the ground and transition states (e.g., refs. 54, 76, 77, and 93).
The principles outlined herein for G proteins are expected to hold more widely for other biological phosphoryl transfers.
All enzymes catalyzing -PO:-transfer must deal with the same dissociative transition state, either stabilizing it or perturbing it by providing much greater stabilization to an alternative transition state.
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